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LAT Is Required for TCR-Mediated Activation
of PLCg1 and the Ras Pathway
activation of their intrinsic enzymatic activity (Secrist et
al., 1991; Weiss et al., 1991; Crespo et al., 1997; Han et
al., 1997). For PLCg1, this results in the hydrolysis of
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Bethesda, Maryland 20892-5430 Although Cbl and SLP-76 lack intrinsic enzymatic ac-
tivity, the tyrosine phosphorylation of these adaptor pro-
teins facilitates their interaction with other signaling mol-
Summary ecules (Fournel et al., 1983; Fukazawa et al., 1995; Buday
et al., 1996; Reedquist et al., 1996; Tuosto et al., 1996;
In this study, we present the further characterization Wu et al., 1996). Such inducible interactions are essential
of a mutant Jurkat T cell line, J.CaM2, that is defective for the subsequent propagation of signals from the TCR
in TCR-mediated signal transduction. Although initial and determine the course of T cell development and
TCR-mediated signaling events such as the inducible activation (Boussiotis et al., 1997; Clements et al., 1998;
tyrosine phosphorylation of the TCR-z chain and ZAP- Pivniouk et al., 1998; Yablonski et al., 1998). Other adap-
70 are intact in J.CaM2, subsequent events, including tor proteins also participate in TCR signaling. For exam-
increases in intracellular calcium, Ras activation, and ple, Grb2 complexed to Sos, a GEF for Ras, undergoes
IL-2 gene expression are defective. Subsequent analy- redistribution from the cytoplasm to the plasma mem-
sis of J.CaM2 demonstrated a severe deficiency in brane following TCR engagement (Sieh et al., 1994). This
pp36/LAT expression, a recently cloned adaptor pro- colocalizes Sos with its substrate Ras and thus, along
tein implicated in TCR signaling. Importantly, reex- with PKC, can also contribute to Ras activation. Grap,
pression of LAT in J.CaM2 restored all aspects of TCR a protein structurally homologous to Grb2, also binds
signaling. These results demonstrate a necessary and Sos and may play a role analogous to Grb2 in TCR
exclusive role for LAT in T cell activation. signaling (Trub et al., 1997). Furthermore, Grb2 and Grap
can form complexes with additional proteins, although
Introduction in most cases the significance of these interactions is
still unknown (Donovan et al., 1994; Jackman et al., 1995;
Interaction of the T cell receptor (TCR) with antigen initi-
Trub et al., 1997).
ates an intracellular cascade of signaling events that
The elevation of intracellular calcium and stimulationculminate in T cell activation, which entails the prolifera-
of the Ras signaling pathway are sufficient for subse-tion and differentiation of T cells concomitant with their
quent events required for T cell activation. This occurs,acquisition of effector functions (Weiss and Littman,
in part, by the ability of these two signaling pathways1994; Wange and Samelson, 1996). The earliest of these
to activate critical transcription factors such as NF-ATsignaling events involves phosphorylation of TCR sub-
and AP-1 and also induce genes encoding essentialunits, including the z chain, at specific tyrosine residues
effector molecules, for example the gene encoding thewithin a consensus sequence termed the immunorecep-
cytokine IL-2. Thus, a basic understanding of manytor tyrosine-based activation motif (ITAM). ITAM phos-
events that occur following TCR engagement that resultphorylation is mediated by the Src tyrosine kinase family
in T cell activation now exists. However, significant gapsmembers Lck and Fyn and promotes the recruitment to
are still present in our knowledge of this complex pro-the TCR of another family of tyrosine kinases, ZAP-70
cess. In particular, questions remain regarding the mecha-and Syk. ZAP-70/Syk binding to the TCR requires the
nism by which TCR-mediated activation of the Lck/Fyninteraction of their SH2 domains with the phosphory-
and ZAP-70/Syk tyrosine kinases is coupled to the down-lated ITAMs and facilitates their tyrosine phosphoryla-
stream phosphorylation and/or activation of PLCg1, Cbl,tion and enzymatic activation.
Vav, SLP-76, and Ras. One molecule that has been pro-Together with Lck/Fyn, activated ZAP-70/Syk are
thought to phosphorylate a number of downstream sub- posed to bridge these two sets of events is the recently
strates, including PLCg1, Cbl, Vav, and SLP-76. Tyrosine cloned adaptor protein, LAT (Weber et al., 1998; Zhang
phosphorylation of PLCg1 and Vav contributes to the et al., 1998a).
LAT was initially detected as a prominent 36±38 kDa
tyrosine-phosphorylated protein (pp36) present follow-³ To whom correspondence should be addressed (e-mail: aweiss@
itsa.ucsf.edu). ing TCR engagement (June et al., 1990). Subsequent
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analysis has demonstrated that ZAP-70/Syk can phos-
phorylate LAT (Zhang et al., 1998a), and that phosphory-
lated LAT associates in vivo with PLCg1, Cbl, Vav, SLP-
76, Grb2, and Grap (Gilliland et al., 1992; Buday et al.,
1994; Sieh et al., 1994; Trub et al., 1997; Zhang et al.,
1998a). The interaction of PLCg1, Grb2, and Grap with
LAT occurs through the binding of these proteins' SH2
domains with tyrosine-phosphorylated residues within
LAT. On the other hand, Vav, Cbl, and SLP-76 binding
to LAT is presumably indirect and may occur via their
interaction with Grb2. Studies have also shown that LAT
is localized to the plasma membrane (Buday et al., 1994;
Sieh et al., 1994; Zhang et al., 1998a), and consistent
with this finding the LAT protein contains a potential
transmembrane domain and acylation sites (Zhang et al.,
1998a, 1998b). Based on these observations, a model
emerges whereby activated ZAP-70/Syk phosphory-
lates LAT resulting in the subsequent recruitment of
Grb2, PLCg1, and other signaling molecules to the
plasma membrane. This recruitment would, among
other things, localize Grb2/Sos and PLCg1 in the proxim-
ity of their substrates. Through such a mechanism, LAT
could bridge ZAP-70/Syk activation to downstream sig-
Figure 1. The Mutant Jurkat Cell Line, J.CaM2, Is Defective in TCR-naling events, in particular increased intracellular cal-
Mediated Signal Transductioncium and stimulation of the Ras pathway. However, at
(A) J.CaM2 fails to increase intracellular calcium following TCR en-present definitive data to support such a model are
gagement. Jurkat and J.CaM2 cells were loaded with the fluorescentlacking. Also unclear is whether LAT may exclusively
dye indicator Indo-1, stimulated with the anti-TCR MAb, and the
fulfill this role or whether other complementary path- fluorescence at 400 and 500 nM wavelength was used to calculate
ways also exist in T cells that can mediate these events. the concentration of intracellular calcium. The x-axis is time in sec
In this report, we present the characterization of a and the y-axis is intracellular calcium concentration in nM. The arrow
indicates the time at which the anti-TCR MAb was added.mutant Jurkat T cell line, J.CaM2, that has dramatically
(B) Absence of TCR-induced NF-AT induction and activation of genereduced levels of LAT. Engagement of the TCR on
expression mediated by the IL-2 promoter in J.CaM2. The transient
J.CaM2 results in the normal tyrosine phosphorylation transfection of Jurkat and J.CaM2 was performed using 20 mg of
of the z chain of the TCR and also of ZAP-70. However, plasmid containing the luciferase reporter driven by NF-AT or the
downstream events are altered in J.CaM2, including re- proximal IL-2 promoter. Each transfected sample was divided into
three aliquots that were either left untreated, stimulated with immo-duced TCR-inducible tyrosine phosphorylation of PLCg1,
bilized anti-TCR MAb, or stimulated with PMA plus ionomycin. Fol-Vav, and SLP-76, and hyperphosphorylation of Cbl.
lowing incubation, lysates were prepared and the level of luciferasePLCg1-mediated generation of inositolphosphates is
activity measured. Shown is the relative light units (RLU) and for
also absent following TCR engagement in J.CaM2, and each sample the average and standard error from at least three
this is manifested in part by a lack of increased intra- independent experiments.
cellular calcium, NF-AT activation, and transcriptional
induction through the IL-2 promoter. Furthermore, an elevate intracellular calcium levels following TCR stimu-
absence of TCR-mediated upregulation of CD69 cell lation (Figure 1A; also see Goldsmith et al., 1988). Since
surface expression, AP-1 stimulation, and MAPK activa- TCR-induced increases in intracellular calcium are re-
tion demonstrates a defect in the stimulation of the Ras quired for NF-AT activation and inducible transcription
signaling pathway in J.CaM2. Importantly, reexpression of the IL-2 gene, it was of interest to also analyze these
of LAT in J.CaM2 restores all evaluated aspects of TCR downstream events. TCR engagement alone is sufficient
signaling. Together, these results provide the first evi- to activate NF-AT (Shaw et al., 1988), whereas TCR-
dence of an essential and exclusive role for LAT in T induced transcription of the IL-2 gene requires addi-
cell activation. tional signals that can be provided by the CD28 costimu-
latory receptor or PMA (Fraser et al., 1993). To analyze
NF-AT induction and activation of IL-2 transcription,
Results cells were transiently transfected with a reporter lucifer-
ase gene driven by either NF-AT or the IL-2 proximal
J.CaM2 Fails to Mobilize Calcium promoter and subsequently stimulated with anti-TCR
following TCR Engagement MAb or a combination of anti-TCR MAb and PMA, re-
In order to better understand the mechanism of TCR spectively. CD28 engagement could not be used as a
signal transduction and to identify molecules essential costimulatory signal in these experiments since J.CaM2
for this process, mutants of the Jurkat T cell line were cells do not express this receptor (data not shown). The
isolated based on defective TCR-mediated intracellular results from these experiments demonstrated that these
signaling (Goldsmith and Weiss, 1987; Goldsmith et al., downstream events were also absent in J.CaM2 follow-
ing TCR engagement (Figure 1B). In contrast, treatment1988). One of these mutant cell lines, J.CaM2, failed to
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of cells with PMA and ionomycin, pharmacological
agents that bypass proximal TCR signaling events to
activate Ras and increase intracellular calcium, respec-
tively, resulted in equivalent NF-AT activation and induc-
tion of the IL-2 promoter in both Jurkat and J.CaM2
(Figure 1B). Together, these results indicate that J.CaM2
is defective in a proximal component of the TCR signal-
ing pathway that is required for the elevation of intracel-
lular calcium and subsequent activation of NF-AT and
the IL-2 promoter.
J.CaM2 Exhibits an Altered Pattern of Protein
Tyrosine Phosphorylation following
TCR Stimulation
One of the earliest known biochemical events to occur
following TCR stimulation is the tyrosine phosphoryla-
tion of specific cytosolic proteins (June et al., 1990). To
determine whether J.CaM2 is defective in some aspect
of this early event, we analyzed whole cell extracts from
untreated cells or those stimulated through the TCR.
Such analysis revealed a differential pattern of tyrosine-
phosphorylated proteins in J.CaM2 (Figure 2A). In partic-
ular, a hyperphosphorylated band of approximately 120
kDa was detected while hypophosphorylated bands of
roughly 140, 100, 75, and 36 kDa were observed. The
reduced tyrosine phosphorylation of the indicated pro-
teins was also seen in lysates from cells stimulated for
more prolonged periods, demonstrating that this differ-
ence is not due to an alteration in the kinetics of signaling
events in J.CaM2 (data not shown). Moreover, other
bands, for example that at 70 kDa, appear to be phos-
phorylated to the same extent in Jurkat and J.CaM2
following TCR engagement. Based on the size of pro-
teins known to be inducibly tyrosine phosphorylated in
Figure 2. J.CaM2 Exhibits Altered Protein Tyrosine Phosphorylationresponse to TCR engagement, the 140, 120, 100, 75,
following TCR Stimulationand 36 kDa proteins likely correspond to PLCg1, Cbl,
(A) Examination of whole cell lysates. Jurkat and J.CaM2 cells wereVav, SLP-76, and LAT, respectively, while the 70 kDa
either left untreated (-) or were stimulated with anti-TCR MAb for 2protein is presumably ZAP-70.
min (1) prior to the isolation of whole cell lysates. Equivalent
To study these observations in more detail, each of amounts of lysate were then separated by SDS-PAGE and analyzed
these proteins was immunoprecipitated from untreated by Western blot using an anti-phospho-tyrosine-specific MAb. Mo-
and TCR-stimulated cells and analyzed for both their lecular weight markers are indicated to the left of the figure while
the approximate molecule weight sizes of various inducible tyrosine-level of tyrosine phosphorylation and also their relative
phosphorylated proteins are indicated to the right.abundance (Figure 2B). Both ZAP-70 and z were induci-
(B) Analysis of inducible tyrosine phosphorylation and relative ex-bly tyrosine phosphorylated to a similar extent in Jurkat
pression levels for specific proteins in Jurkat and J.CaM2 cells. The
and J.CaM2. On the other hand, Cbl was hyperphos- indicated immunoprecipitating antibody (IP Ab) was incubated with
phorylated and PLCg1, Vav, and SLP-76 hypophosphor- equivalent amounts of lysate from untreated cells (-) or those stimu-
ylated in J.CaM2 relative to Jurkat following TCR stimu- lated with the anti-TCR MAb for 2 min (1). Subsequently, washed
immunoprecipitates were separated by SDS-PAGE and analyzed bylation. Analysis of protein abundance indicated that
Western blot with either an anti-phospho-tyrosine-specific antibodythese alterations in tyrosine phosphorylation could not
(anti-p-tyr.) or an antibody specific for the immunoprecipitatedbe explained by differences in the amount of protein
protein.
immunoprecipitated from either cell line (Figure 2B). For
example, quantitation of TCR-inducible Cbl phosphory-
and z, little if any LAT protein was detected in J.CaM2lation in three separate experiments, normalized to the
following its immunoprecipitation (Figure 2B). Further-amount of Cbl protein immunoprecipitated, indicated an
more, analysis of whole cells lysates indicated that, ataverage 6.5-fold enhancement in tyrosine phosphoryla-
best, a small amount of LAT was present in J.CaM2tion in J.CaM2 relative to Jurkat (data not shown). Fur-
whereas LAT was easily detected in extracts from Jurkatthermore, equal amounts of PLCg1, Cbl, Vav, SLP-76,
cells (Figure 3A). The same blot was also probed withZAP-70, and z were detected in whole cell lysates from
an antibody that recognizes ZAP-70 to confirm equalJurkat and J.CaM2 (Figure 3A; data not shown).
loading of samples (Figure 3A). Northern blot analysis
also demonstrated a dramatic reduction in the amountLAT Expression Is Dramatically Reduced in J.CaM2
of LAT RNA in J.CaM2 compared to Jurkat, while theContrary to the results obtained analyzing protein ex-
pression levels of PLCg1, Cbl, Vav, SLP-76, ZAP-70, level of b-actin RNA was similar between the two cell
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Figure 3. J.CaM2 Cells Have Dramatically Reduced Levels of LAT
Figure 4. TCR-Inducible Tyrosine Phosphorylation in Vector- andProtein and RNA
LAT-Reconstituted J.CaM2 Clones
(A) Examination of LAT protein levels. Equivalent amounts of whole
(A) Examination of LAT protein levels. Equivalent amounts of lysatecell lysate from Jurkat and J.CaM2 were separated by SDS-PAGE
from Jurkat, J.CaM2, and J.CaM2 clones reconstituted with eitherand analyzed for the presence of LAT protein by Western blot using a
empty vector (J.CaM2-vector) or that encoding LAT (J.CaM2-LATLAT-specific antibody. Two exposures of the LAT blot are presented,
#3, 4, 6, and 13) were separated by SDS-PAGE and analyzed byone of which was exposed for a prolonged period of time (longer
Western blot with an anti-LAT-specific antibody. The blot was alsoexposure). The membrane was also probed with an antibody specific
probed with an antibody specific for ZAP-70 to ensure equal loadingfor ZAP-70 to ensure equal loading of samples. (B) Analysis of LAT
of samples.RNA levels. RNA was isolated from Jurkat and J.CaM2 cells and
(B) LAT tyrosine phosphorylation. LAT was immunoprecipitated fromequivalent amounts were examined by Northern blot with a 32P-
equivalent amounts of lysates from untreated cells (-) or those stimu-labeled LAT cDNA probe. The blot was subsequently stripped and
lated with the anti-TCR MAb for 2 min (1). Immunoprecipitatedreprobed with a 32P-labeled probe for b-actin.
proteins were subsequently separated by SDS-PAGE and analyzed
by Western blot using an anti-phospho-tyrosine-specific antibody.
The inducible tyrosine phosphorylation of LAT is shown.lines (Figure 3B). Note that upon longer exposure a low
(C) Tyrosine phosphorylation in whole cell extracts. Equivalentlevel of LAT RNA was detected in J.CaM2 (data not
amounts of whole cell lysates from untreated cells (-) or those stimu-
shown), consistent with the small amount of protein lated with the anti-TCR MAb for 2 min (1) were separated by SDS-
observed. PAGE and analyzed by Western blot using an anti-phospho-tyro-
sine-specific antibody. Molecular weight standards are indicated toTogether, these results suggest that initial signaling
the left of the figure and specific tyrosine-phosphorylated proteinsevents following TCR stimulation are intact in J.CaM2,
are indicated to the right.including the inducible tyrosine phosphorylation of z and
ZAP-70. It appears, however, that the genetic defect in
J.CaM2 results in an alteration in the coupling of these
encoding LAT expressed levels comparable to that ofTCR-proximal events with specific downstream protein
Jurkat. All clones expressed equivalent levels of ZAP-substrates, including Cbl, PLCg1, Vav, and SLP-76. Most
70 (Figure 4A). Analysis of TCR expression indicatedinteresting, though, is an almost complete absence of
that all of the J.CaM2 clones have levels similar to thatLAT expression in J.CaM2. Since the differences ob-
of Jurkat and J.CaM2 (data not shown). Jurkat, J.CaM2,served in J.CaM2, including the lack of calcium mobiliza-
and both vector- and LAT-reconstituted J.CaM2 clonestion, NF-AT activation, and altered TCR-induced tyro-
were subsequently characterized in terms of varioussine phosphorylation, may be explained by this defect
aspects of TCR signaling.in LAT expression, we stably transfected a vector encod-
ing LAT into J.CaM2 and analyzed resulting clones.
TCR-Inducible Tyrosine Phosphorylation
in LAT-Reconstituted J.CaM2Level of LAT Expression in Reconstituted
J.CaM2 Clones We first examined the inducible phosphorylation of LAT
in reconstituted clones. Such analysis demonstratedMultiple clones of J.CaM2 stably transfected with either
control vector or that encoding LAT were isolated and that, similar to Jurkat cells, LAT was heavily tyrosine
phosphorylated following TCR engagement in LAT-recon-the relative level of LAT expression determined by West-
ern blot of whole cell lysates. As shown in Figure 4A, stituted J.CaM2 clones. As expected, LAT phosphoryla-
tion was not detected in control, vector-reconstitutedJ.CaM2 clones stably transfected with control vector
failed to express LAT while those receiving the vector cells (Figure 4B). These results indicate that the signaling
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pathways leading from the TCR to LAT, most likely in-
cluding ZAP-70 activation (Zhang et al., 1998a), are in-
tact in J.CaM2. As for all data presented in this report,
similar results were observed in multiple vector- and
LAT-reconstituted clones (data not shown); clones ex-
hibiting typical responses are presented in this study.
TCR-induced protein tyrosine phosphorylation in whole
cell extracts was next investigated. For multiple LAT-
reconstituted J.CaM2 clones, the pattern of phosphory-
lated proteins, including PLCg1, Cbl, Vav, and SLP-76,
was identical to that observed in wild-type Jurkat cells,
whereas clones that received control vector had a pat-
tern of tyrosine phosphorylation for these proteins simi-
lar to that of the original J.CaM2 cells (Figure 4C). Thus,
it appears that the differential pattern of TCR-inducible
tyrosine phosphorylation observed in J.CaM2 relative
to Jurkat is directly related to the presence or absence of
LAT protein and not a manifestation of clonal variation.
Taken together with the analysis of specific tyrosine-
phosphorylated proteins presented in Figure 2C, the
data suggest that LAT is required for the proper TCR-
inducible tyrosine phosphorylation of PLCg1, Cbl, Vav,
and SLP-76. Interestingly, all of these proteins have
been reported to interact with LAT, either directly
(PLCg1) or indirectly via Grb2 (Cbl, Vav, SLP-76).
Examination of PLCg1 Activity and Calcium
Mobilization in Reconstituted J.CaM2 Cells
The lack of increased intracellular calcium in J.CaM2
following TCR engagement (Figure 1A) may be due to an
absence of TCR-mediated PLCg1 activation. Consistent
with this possibility, the inducible tyrosine phosphoryla-
tion of PLCg1, which is required for induction of its
enzymatic activity (Secrist et al., 1991; Weiss et al., Figure 5. TCR-Mediated PLCg1 Tyrosine Phosphorylation, Inositol
1991), is significantly reduced in J.CaM2 compared to Phosphate Generation, and Calcium Mobilization in Jurkat, J.CaM2,
and Vector- and LAT-Reconstituted J.CaM2 ClonesJurkat (Figure 2B). We therefore examined in more detail
the role of LAT in the regulation of PLCg1. Similar to (A) PLCg1 tyrosine phosphorylation. PLCg1 was immunoprecipi-
tated from equivalent amounts of lysate derived from either un-Jurkat cells, immunoprecipitation of PLCg1 from lysates
treated cells (-) or those stimulated for 2 min with anti-TCR MAb.of LAT-reconstituted J.CaM2 clones indicated that fol-
Immunoprecipitated proteins were then separated by SDS-PAGElowing TCR engagement, PLCg1 associated with tyro-
and analyzed by Western blot with either a anti-phospho-tyrosine-sine-phosphorylated LAT (Figure 5A). As expected based
specific antibody or an antibody specific for PLCg1. Respective
on its dramatically reduced level of expression, LAT was proteins are indicated to the left of the figure and immunoblotting
not detected in PLCg1 immunoprecipitates of lysates antibody to the right.
from J.CaM2 or control, vector reconstituted clones (B) Inositol phosphate generation. Equivalent numbers of cells were
loaded with [3H]myo-inositol and subsequently left untreated or(Figure 5A). The extent of TCR-inducible tyrosine phos-
stimulated for the indicated period of time with anti-TCR MAb. Cellsphorylation of PLCg1 was also compared in Jurkat,
were then lysed and the amount of soluble inositol phosphate deter-J.CaM2, and both vector- and LAT-reconstituted J.CaM2
mined. The graph shows the average and standard error from atclones. Importantly, expression of LAT in J.CaM2 re- least two independent experiments for each cell line.
stored levels of TCR-induced PLCg1 tyrosine phosphor- (C) Calcium mobilization. Cells were loaded with the fluorescent
ylation similar to that seen in wild-type Jurkat cells (Fig- dye indicator Indo-1, stimulated with the anti-TCR MAb, and the
ure 5A). In addition, expression of LAT in J.CaM2 fluorescence at 400 and 500 nM wavelength used to calculate the
concentration of intracellular calcium. The x-axis is time in sec andrestored TCR-inducible generation of inositol phospho-
the y-axis is intracellular calcium concentration in nM. The arrowlipids (Figure 5B) and the mobilization of intracellular
indicates the time at which the anti-TCR MAb was added.calcium (Figure 5C). For all these experiments, J.CaM2
clones stably transfected with the control vector re-
LAT Is Required for Activation of the Rassponded in a manner identical to the parental J.CaM2
Signaling Pathwaycells (Figures 5A±5C). Together, these results provide
As for Jurkat cells, analysis of Grb2 immunoprecipitatescompelling evidence that LAT is required for the mobili-
from LAT-reconstituted J.CaM2 clones revealed the in-zation of calcium and that this requirement is mediated
ducible association of Grb2 with tyrosine-phosphory-through its regulation of PLCg1 activity. Not only does
lated LAT following TCR engagement (Figure 6A). In TLAT appear to be required for sufficient TCR-inducible
cells, Grb2 is also complexed to Sos, a GEF for Rastyrosine phosphorylation of PLCg1 and therefore stimu-
(Buday et al., 1994). Therefore, in stimulated T cells LATlation of its enzymatic activity, but LAT also likely con-
may recruit the Grb2/Sos complex to the plasma mem-trols the colocalization of PLCg1 with the plasma mem-
brane, where its substrate, PIP2, is located. brane, facilitating Sos-mediated activation of Ras. We
Immunity
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Figure 6. LAT Association with Grb2 and
Analysis of CD69 Expression, Induction of
AP-1, and MAPK Activation in Jurkat, J.CaM2,
and Both Vector- and LAT-Reconstituted
J.CaM2 Clones
(A) Examination of LAT interaction with Grb2.
Grb2 was immunoprecipitated from equiva-
lent amounts of lysate derived from either un-
treated cells (-) or those stimulated for 2 min
with anti-TCR MAb. Immunoprecipitated pro-
teins were then separated by SDS-PAGE and
analyzed by Western blot with either an anti-
phospho-tyrosine-specific antibody (LAT blot)
or an antibody specific for Grb2 (Grb2 blot).
(B) Examination of CD69 expression. Cells
were either left untreated or were stimulated
with anti-TCR MAb for approximately 16 hr,
after which cells were analyzed for CD69 ex-
pression by flow cytometry. As indicated, the
x-axis is log fluorescence intensity whereas
the y-axis is relative cell number.
(C) Examination of AP-1 induction. Transient
transfection of Jurkat and J.CaM2 was per-
formed using 20 mg of plasmid containing the
luciferase reporter gene driven by AP-1. Each
transfected sample was divided into three ali-
quots that were either left untreated, stimu-
lated with immobilized anti-TCR mAb, or stimulated with PMA and ionomycin. Following incubation, lysates were prepared and the level of
luciferase activity measured. Shown is the percent induction obtained with PMA and ionomycin and includes the average and standard error
from at least three independent experiments.
(D) Examination of MAPK activation. Equivalent numbers of cells were either left untreated, stimulated with anti-TCR MAb for the indicated
period of time, or stimulated with PMA for 15 min. Lysates were then made, proteins separated by SDS-PAGE, and Western blot performed
using a phospho-MAPK-specific antibody. The blot was also probed with an antibody that recognizes ZAP-70 to ensure equal loading.
were thus interested in determining the activation state phosphorylation of MAPK, a serine/threonine kinase
whose activation in T cells is dependent on Ras (Iz-of the Ras signaling pathway in J.CaM2 and both vector-
and LAT-reconstituted J.CaM2 clones relative to that quierdo et al., 1993). In these experiments, we deter-
mined the phosphorylation status of MAPK, which isseen in Jurkat following TCR stimulation.
Surface expression of the CD69 receptor is dramati- indicative of its activation state. Although MAPK phos-
phorylation was potently induced at both 5 and 15 mincally upregulated following engagement of the TCR
(Hara et al., 1986). This occurs through TCR-mediated following TCR engagement in Jurkat cells and LAT-
reconstituted J.CaM2 clones, only a small amount ofinduction of the gene encoding CD69 and, importantly,
requires the activation of Ras (D'Ambrosio et al., 1994). activated MAPK was observed in J.CaM2 or vector-
reconstituted clones at the 5 min time point (Figure 6D).In addition, expression of a constitutively active form of
Ras in Jurkat cells is sufficient to induce CD69 gene Cells were also treated with the pharmacological agent
PMA, which activates Ras independently of TCR-proxi-expression and surface expression (D'Ambrosio et al.,
1994). Together, these data indicate that Ras activation mal signaling events. All clones, regardless of LAT ex-
pression, demonstrated a robust activation of MAPK inis both necessary and sufficient for CD69 surface ex-
pression in Jurkat T cells. Thus, we initially focused our response to PMA, indicating that the potential to activate
MAPK via Ras exists in J.CaM2. Reprobing the blotattention on the expression of this endogenous marker
of Ras activation. Untreated cells, and those stimulated with an antibody to ZAP-70 indicated equal loading of
samples (Figure 6D). Taken together, these results dem-through the TCR, were analyzed by flow cytometry for
CD69 surface expression. Although CD69 expression onstrate that LAT is required for activation of the Ras
signaling pathway following TCR engagement.was evident on Jurkat cells following TCR engagement,
little if any CD69 was detected in J.CaM2 or control,
vector-reconstituted J.CaM2 clones (Figure 6B). How- NF-AT Activation and IL-2 Gene Induction Are
Restored in LAT-Reconstituted J.CaM2 Cellsever, expression of LAT in J.CaM2 restored TCR-induc-
ible levels of CD69 surface expression to levels similar Since NF-AT activation and inducible transcription of
the IL-2 gene are dependent on both an increase into that observed in Jurkat (Figure 6B).
Activation of the transcription factor AP-1, an event intracellular calcium and activation of Ras, we also ana-
lyzed these processes. Consistent with the above re-that is also dependent on the Ras signaling pathway in
T cells (Cantrell, 1996), was analyzed next. Consistent sults, expression of LAT in J.CaM2 restored TCR-induc-
ible NF-AT activation and IL-2 promoter-dependentwith the results observed with CD69, induction of an AP-
1-driven reporter was not observed in J.CaM2 following gene expression (Figures 7A and 7B). These down-
stream targets of T cell activation, NF-AT and the IL-2TCR engagement. However, reexpression of LAT in
J.CaM2 restored AP-1 induction (Figure 6C). As a final gene, require the activation and proper integration of
multiple signaling pathways initiated by engagement ofindicator of Ras activation, we examined the inducible
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the src-family tyrosine kinase Lck (Straus and Weiss,
1992). Here, we show that J.CaM2 is severely compro-
mised in expression of the adaptor protein LAT. At pres-
ent, it is unclear what genetic alteration is responsible for
defective LAT RNA and protein expression in J.CaM2. It
may be a consequence of a mutation within the LAT gene
or its transcriptional regulatory elements, or perhaps the
mutation affects the activity of a transcription factor that
is required for LAT gene expression. Future studies will
hopefully elucidate the underlying genetic defect in
J.CaM2.
Analysis of specific proteins indicated that initial
events following TCR stimulation, such as the tyrosine
phosphorylation of z and ZAP-70, were intact in J.CaM2.
However, subsequent protein tyrosine phosphorylation
was altered, including an elevated phosphorylation of
Cbl and significantly diminished phosphorylation of
PLCg1, Vav, and SLP-76. J.CaM2 also failed to demon-
strate increases in intracellular calcium and activation
of the Ras signaling pathway after TCR engagement,
and these alterations resulted in a lack of NF-AT and
AP-1 activation and also a failure to stimulate transcrip-
tion through the IL-2 promoter. Reexpression of LAT in
J.CaM2 reconstituted all of these events, demonstrating
that LAT not only modulates TCR-mediated tyrosine
phosphorylation of many substrates but that it is also
required for increased intracellular calcium, activation
of Ras, and subsequent downstream events leading to
IL-2 gene expression.
TCR engagement induces the activation of ZAP-70/
Syk, kinases likely to be responsible for the majorityFigure 7. Activation of NF-AT and IL-2 Promoter-Dependent Gene
Expression in Vector- and LAT-Reconstituted J.CaM2 Clones of LAT tyrosine phosphorylation (Zhang et al., 1998a).
Analysis of the amino acid sequence of human LAT(A) Examination of NF-AT activation. Transient transfection of Jurkat
and J.CaM2 was performed using 20 mg of plasmid containing the indicates 10 potential tyrosines that may become phos-
luciferase reporter gene driven by NF-AT. Each transfected sample phorylated, and five of these are within consensus bind-
was divided into three aliquots that were either left untreated, stimu- ing motifs for the SH2 domain of Grb2, while one site
lated with immobilized anti-TCR MAb, or stimulated with PMA and is within a consensus binding motif for the SH2 domain
ionomycin. Following incubation, lysates were prepared and the
of PLCg1 (Zhang et al., 1998b). Due to its plasma mem-level of luciferase activity measured. Shown is the percent induction
brane localization within the cell, the TCR-inducibleobtained with PMA and ionomycin and includes the average and
phosphorylation of LAT at specific tyrosine residues willstandard error from at least three independent experiments.
(B) Examination of IL-2 promoter-dependent gene expression. Ex- likely result in PLCg1 recruitment to the membrane. Our
periments were performed as described in (A) expect for the follow- results suggest that this recruitment is required for suffi-
ing changes: 20 mg of plasmid encoding the luciferase reporter gene cient PLCg1 phosphorylation and thus activation of its
driven by the proximal IL-2 promoter was used and stimulation with intrinsic enzyme activity, which culminates in IP3 gener-
immobilized anti-TCR MAb was performed in the presence of PMA.
ation and increases in intracellular calcium. AlthoughShown is the percent induction obtained with PMA and ionomycin
the kinase or kinases responsible for the LAT-dependentand includes the average and standard error from at least three
phosphorylation of PLCg1 is unknown, candidates in-independent experiments.
clude ZAP-70 and/or Itk. Itk is an approximately 70 kDa
member of the Tec family of tyrosine kinases that be-
the TCR. The results presented in Figure 7, together comes tyrosine phosphorylated and activated following
with the other findings of this study, clearly indicate that TCR stimulation (Gibson et al., 1996). Consistent with a
the sole difference between Jurkat and J.CaM2 that role for Itk in PLCg1 tyrosine phosphorylation, it was
determines whether productive T cell activation can oc- recently reported that T cells from Itk-deficient mice
cur following TCR stimulation is the presence or ab- have defects in calcium mobilization, IP3 generation,
sence of LAT. and PLCg1 tyrosine phosphorylation following TCR en-
gagement (Liu et al., 1998). Also of note, an unidentified
Discussion 70 kDa tyrosine-phosphorylated protein that does not
appear to be ZAP-70 coimmunoprecipitates with LAT
In this study, we have analyzed a signal transduction following TCR induction (Zhang et al., 1998b); perhaps
mutant of the Jurkat T cell line, J.CaM2, that was initially this 70 kDa protein is Itk or a related family member.
isolated because of its failure to increase intracellular The reduced phosphorylation of Vav and SLP-76 in
calcium following TCR engagement (Goldsmith et al., J.CaM2 following TCR engagement can similarly be ex-
1988). Another Jurkat mutant isolated by this method, plained, as these proteins also interact with LAT, al-
though this may be an indirect interaction mediated byJ.CaM1.6, was shown to be defective in expression of
Immunity
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Grb2. Our results suggest that a TCR-inducible complex occurs has remained unclear. In T cells, induction of
protein kinase C (PKC) by PMA activates Ras, but PKCcontaining Vav and SLP-76 with LAT is required to local-
is not required for Ras activation following TCR engage-ize SLP-76 and Vav in the proximity of a tyrosine kinase
ment (Izquierdo et al., 1992). Thus, although PKC may beor kinases. Subsequent tyrosine phosphorylation of Vav
activated by PLCg1-generated diacylglycerol and thiswould induce its GEF activity and result in stimulation
activation may contribute to TCR-mediated Ras activa-of members of the Rho family of GTPases, while tyrosine
tion, additional mechanisms clearly exist. Another possi-of both SLP-76 and Vav would facilitate their interaction
ble pathway linking tyrosine phosphorylation to Ras ac-with other molecules involved in T cell activation. Inter-
tivation involves the Grb2-interacting adaptor protein,estingly, SLP-76 and Vav are required for normal TCR-
Shc. Previously, it was reported that Shc can directlymediated increases in intracellular calcium and SLP-76
bind tyrosine-phosphorylated ITAM sequences of theis also necessary for full MAPK activation (Fischer et
TCR z chain and thus may facilitate Grb2/Sos localiza-al., 1998; Holsinger et al., 1998; Yablonski et al., 1998).
tion to the plasma membrane, resulting in Ras activationTaken together, the data suggest that LAT is a multifunc-
(Ravichandran et al., 1993). However, a more recenttional adaptor protein essential for T cell activation; the
study has suggested that this pathway may not alwayscoordinated interaction of multiple proteins involved in
be operational in T cells (Osman et al., 1995). Finally,TCR signaling with LAT appears to be required for their
based on the strong association of Grb2 and Grap withefficient tyrosine phosphorylation and activation. In ad-
LAT, it has been suggested that LAT may contributedition, LAT also likely localizes these proteins in the
to Ras activation by recruiting Grb2/Sos and Grap/Sosproximity of their membrane-bound substrates, for ex-
complexes, and additionally PLCg1, to the plasma mem-ample PLCg1 with PIP2, Vav with Rho family GTPases,
brane. Our results are consistent with such a role forand Grb2/Sos with Ras.
LAT in Ras activation. Furthermore, our data suggestAlthough it would seem that LAT-mediated membrane
that LAT is essential for productive Ras activation lead-
localization for some of these molecules, for instance
ing to downstream events such as CD69 expression,
the Grb2/Sos complex, would be sufficient for the prop- AP-1 activation, and induction of the IL-2 gene. Of note,
agation of downstream signaling, in this case activation a small, transient phosphorylation of MAPK is observed
of the Ras, recent data suggest otherwise. For example, in J.CaM2 following TCR stimulation (see Figure 6). It is
in a mutant Jurkat cell line defective in SLP-76 expres- conceivable that this is mediated by the interaction of
sion, the Grb2/Sos complex associates with LAT follow- Shc with the z chain or may be due to the extremely
ing TCR stimulation, yet productive activation of the low level of LAT expression detected in this cell line.
Ras signaling pathway is not observed (Yablonski et al., However, if this low level of MAPK activity is mediated
1998). These data support the concept that LAT has by Shc, this pathway is clearly insufficient for productive
multiple functions, facilitating not only the membrane T cell activation. Determining whether the requirement
localization of various signaling molecules but also me- of LAT in Ras activation is mediated solely through Grb2/
diating the formation of complex, multiprotein interac- Sos, Grap/Sos, and PLCg1 recruitment and activation
tions required for T cell activation. or if other mechanisms also couple LAT to Ras activation
Our data indicate that in the absence of LAT, Cbl exists, awaits further investigation.
is hyperphosphorylated following TCR engagement. Of
Experimental Proceduresnote, immunoprecipitation of Cbl from control, vector-
reconstituted J.CaM2 cells demonstrated this same
Reagentslevel of hyperphosphorylation whereas LAT-reconstitu-
The human leukemic Jurkat T cell line J.E6-1 (Weiss et al., 1984)
ted J.CaM2 clones had a level of TCR-inducible Cbl and the mutant derivative J.CaM2 (Goldsmith et al., 1988) were
phosphorylation equivalent to Jurkat cells (data not maintained in RPMI 1640 supplemented with 10% fetal calf serum,
penicillin, and streptomycin. The antibody used for TCR stimulationshown). Intriguingly, recent data indicate that tyrosine-
was C305, an anti-Jurkat Ti chain MAb (Weiss and Stobo, 1984).phosphorylated Cbl negatively regulates TCR signaling
4G10, an anti-phosphotyrosine MAb, and the PLCg1 MAb, were(Boussiotis et al., 1997; Murphy et al., 1998). In T cells,
obtained from Upstate Biotechnology, Inc. Antibodies for Cbl, Vav,
the TCR-induced phosphorylation of Cbl on tyrosine and Grb2 were purchased from Santa Cruz Biotechnology while the
residues promotes its interaction with CrkL, an adaptor anti-phospho-MAPK antibody is from Promega. Antibodies to LAT
(Zhang et al., 1998a), SLP-76 (Motto et al., 1996), and z (van Oersprotein that also binds C3G, a GEF and thus activator
et al., 1994) have been previously described. The rabbit ZAP-70of the small GTPase, Rap1 (Buday et al., 1996; Reedquist
antiserum number 1600 was produced against a KLH-peptide immu-et al., 1996). Activated Rap1 in turn inhibits TCR signal-
nogen with a peptide corresponding to human ZAP-70 amino acid
ing at least in part by sequestering Raf-1 and thereby sequences 283±307. FITC-conjugated antibodies that recognize the
preventing Ras-mediated activation of MAPK (Boussi- TCR CD3 complex and CD69 were from Becton-Dickinson. For sta-
ble transfections, a LAT expression vector was constructed by sub-otis et al., 1997). It is conceivable that LAT functions to
cloning a ClaI, XbaI fragment of the LAT cDNA (Zhang et al., 1998b)suppress the inducible tyrosine phosphorylation of Cbl,
into SalI, XbaI digested pAWneo39, which contains the neomycin/perhaps by binding both Cbl and a tyrosine phosphatase
G418-selectable marker. Alternatively, a myc-tagged form of LAT
specific for Cbl, and thereby abrogates the inhibitory was excised from pBluescript with ClaI and XbaI and similarly cloned
effect of Rap1 on TCR signaling. Thus, LAT may not into pAWneo39. The NF-AT- and AP-1-luciferase reporter plasmids
have been previously described (Shapiro et al., 1996). The IL-2 lucif-only promote positive signaling through PLCg1, Vav,
erase reporter was a gift from G. Crabtree, Stanford University.and SLP-76, but it may also inhibit negative signaling
mediated by Cbl.
Measurement of Inositol Phosphate Generation
Although it is evident that TCR-induced tyrosine phos- and Elevation of Intracellular Calcium
phorylation is required for subsequent Ras activation To measure inositol phosphate generation, cells were loaded with
[3H]myo-inositol, cultured overnight, and either left untreated or(Izquierdo et al., 1992), the mechanism by which this
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stimulated with the anti-TCR MAb (1:1000) for the indicated period References
of time. Cells were then lysed and soluble inositol phosphate iso-
Boussiotis, V.A., Freeman, G.J., Berezovskaya, A., Barber, D.L., andlated by anion-exchange chromatography as previously described
Nadler, L.M. (1997). Maintenence of human T cell anergy: blocking(Imboden and Stobo, 1985). For analysis of intracellular calcium
of IL-2 gene transcription by activated Rap1. Science 278, 124±127.concentration, cells were loaded with the fluorescent calcium indi-
cator dye Indo-1 (Molecular Probes), washed, then stimulated Buday, L., Egan, S.E., Rodriguez-Viciana, P., Cantrell, D.A., and
through the TCR with the anti-TCR MAb (1:1000). The fluorescence Downward, J. (1994). A complex of the Grb2 adaptor protein, Sos
at 400 and 500 nm wavelength was measured using a Hatachi F-4500 exchange factor, and a 36-kDa membrane-bound tyrosine phospho-
fluorescence spectrophotometer and the concentration of free intra- protein is implicated in Ras activation in T cells. J. Biol. Chem. 269,
cellular calcium calculated from the ratio of fluorescence at 400 and 9019±9023.
500 nm (Grynkiewicz et al., 1985). Buday, L., Khwaja, A., Sipeki, S., Farago, A., and Downward, J.
(1996). Interactions of Cbl with two adaptor proteins, Grb2 and Crk,
Cell Stimulation, Preparation of Lysates, upon T cell Activation. J. Biol. Chem. 271, 6159±6163.
Immunoprecipitation, and Western Blot
Cantrell, D. (1996). T cell antigen receptor signal transduction path-Cells were harvested, washed with phosphate-buffered saline (PBS),
way. Annu. Rev. Immunol. 14, 259±274.then resuspended at 108 cells per ml in PBS and incubated for
Clements, J.L., Yang, B., Ross-Barta, S.E., Eliason, S.L., Hrstka,15 min at 378C. Subsequently, cells were either left untreated or
R.F., Williamson, R.A., and Koretzky, G.A. (1998). Requirement forstimulated with anti-TCR MAb (1:500) for the indicated time, centri-
the leukocyte-specific adaptor protein SLP-76 for normal T cell de-fuged, then lysed at 108 cells per ml in a buffer containing 1% Brij-
velopment. Science 281, 416±419.97, 10 mM Tris (pH 7.6), 150 mM NaCl, 2 mM EDTA, and a cocktail
of protease and phosphatase inhibitors. After incubating for 10 min Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo,
on ice, lysates were centrifuged at 14,000 rpm for 10 min to remove X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/
particulate material. For immunoprecipitations, lysates were incu- GTP exchange by the vav proto-oncogene product. Nature 385,
bated with the indicated antibody and either Protein A-sepharose 169±172.
or Protein G-agarose beads. After incubation, beads were washed D'Ambrosio, D., Cantrell, D.A., Frati, L., Santoni, A., and Testi, R.
three times with 750 ml lysis buffer, SDS sample buffer was added, (1994). Involvement of p21ras activation in T cell CD69 expression.
and samples were heated for 5 min at 958C prior to analysis by Eur. J. Immunol. 24, 616±620.
SDS-PAGE and Western blot. For Western blot, proteins separated
Donovan, J.R., Wange, R., Langdon, W., and Samelson, L. (1994).
by SDS-PAGE were transferred to Immobilon-P (Millipore) and im-
The protein product of the c-Cbl protooncogene is the 120-kDa
munoblotted with the indicated primary antibody followed by second-
tyrosine-phosphorylated protein in Jurkat T cells activated via the
ary antibody conjugated to horseradish peroxidase. Immunoreactive
T cell antigen receptor. J. Biol. Chem. 269, 22921±22924.
proteins were subsequently detected by enhanced chemilumines-
Downward, J., Graves, J.D., Warne, P.H., Rayter, S., and Cantrell,cence (Amersham).
D.A. (1990). Stimulation of p21ras upon T-cell activation. Nature 346,
719±723.Transfection and Luciferase Assay
Fischer, K.D., Kong, Y.Y., Nishina, H., Tedford, K., Marengere, L.E.,For all transfections, 107 cells in 400 ml RPMI-1640 were electropor-
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